Introduction {#Sec1}
============

The meninges are formed by three tissue membranes that primarily provide protective covering to the central nervous system (CNS). They comprise of the outer dura matter, middle arachnoid matter, and inner pia matter that consist of different cell populations including the fibroblasts, mast cells, endodermal cells, and smooth muscle cells \[[@CR1]\]. The arachnoid and the pia matter, together called as leptomeninges, harbor a large population of fibroblasts \[[@CR2]\]. Meningeal fibroblasts are known to have important role in blood--brain barrier (BBB) formation, glial scar formation during injury response, angiogenesis, and early astrocyte activation \[[@CR3], [@CR4]\]. In adult CNS, the meninges cover and penetrate the neural tissue deeply at every level of its organization: as large projections between the major brain structures, as stroma of the choroid plexus, and as sheaths of blood vessels forming the perivascular space. They also form the roof of the lateral ventricles, the third and the fourth ventricles. Their widespread distribution and complex organization suggest a more important role of the meninges as modulator of brain function in addition to being a mere protective covering of the brain. A further indication that the meninges are functionally linked to the neural tissue is the presence of gap junction proteins called connexins (Cxs).

Gap junctions (GJs) are intercellular channels that allow exchange of small molecules (less than 1 kDa) including small glucose derivatives \[[@CR5]\], and second messengers such as ATP, cyclic AMP, inositol 1,4,5-trisphosphate, and Ca^+2^ \[[@CR6]--[@CR8]\] between coupled cells. GJs are composed of two hemichannels each contributed by the two opposing cells. The hemichannels or connexons are formed by six Cx protein subunits which after synthesis and oligomerization in endoplasmic reticulum/endoplasmic reticulum Golgi intermediate complex are trafficked to the cell surface where they are mostly assembled into gap junction plaques. Cx proteins, mainly Cx43, Cx30, and Cx26, have been found in the meninges and in their projections into the brain, including meningeal sheaths of blood vessels and stroma of the choroid plexus \[[@CR9]--[@CR13]\]. The distribution of these proteins suggests the existence of anatomical and functional interactions between meningeal cells, meningeal perivascular cells, ependymocytes, and astrocytes, thus providing a rapid means to spread signals in physiological and pathological events.

Cx43, the most abundantly expressed Cx in the CNS, is also highly expressed by the meningeal fibroblasts \[[@CR13]\]. Recent findings suggest that Cx43-mediated functional coupling between the astrocytes and in the panglial system is altered in various neurodegenerative conditions like Alzheimer's disease, Parkinson's disease, ischemia, and multiple sclerosis (MS) \[[@CR14]--[@CR17]\]. Additionally, neuroinfections caused by Borna virus, bovine papillomavirus, Rous sarcoma virus, and human influenza virus can alter Cx-mediated gap junction communication \[[@CR18]--[@CR22]\]. Our previous studies have demonstrated that mouse hepatitis virus (MHV) infection significantly reduces Cx43 expression and functional gap junction formation in mice brain and in cultured astrocytes \[[@CR23]\]. MHV-A59, a neurotropic strain of the coronavirus, causes meningitis and encephalitis in acute infection followed by demyelination and concurrent axonal loss in chronic stage of infection, serving as a model to study certain pathology of virus-induced meningitis and the human CNS-demyelinating disease MS \[[@CR24], [@CR25]\]. Although earlier reports suggest that MHV infection causes loss of Cx43 expression and negatively affects gap junction communication in the brain, particularly in astrocytes, at present, very little is known about virus-induced alterations of Cx channels in meningeal fibroblasts. This is particularly important in injury-induced brain parenchymal reaction, where GJs in the astrocyte--fibroblast interface play an important role in reforming glial limitans that forms a part of the BBB. Moreover, Cx proteins of BBB have been shown to regulate BBB permeability in inflammatory conditions \[[@CR26]\]. In the present study, we investigated the expression and cellular distribution of Cx43 in MHV-A59-infected mouse brain meningeal cells. In parallel, we have established an in vitro model of viral meningitis by infecting fibroblast-enriched primary meningeal cultures with MHV to understand the effect of viral infection on Cx43-mediated gap junction communication in meningeal fibroblasts. Our findings provide important insights in understanding the role of glial-pial GJIC in altered barrier function of the inflamed brain.

Materials and Methods {#Sec2}
=====================

Virus {#Sec3}
-----

A neurotropic demyelinating strain of mouse hepatitis virus, MHV-A59, was used from our previous studies \[[@CR27]\], for infecting mice and primary meningeal cultures to study the effect on gap junction protein Cx43.

Inoculation of Mice {#Sec4}
-------------------

Four-week old C57BL/6 mice were intracranially inoculated with 50% LD~50~ dose of a neurotrophic demyelinating strain of mouse hepatitis virus, MHV-A59 (2000 pfu) as described previously \[[@CR23]\]. Mice were monitored daily for symptoms of disease and mortality. Mock-infected controls were inoculated similarly with the vehicle containing phosphate-buffered saline (PBS) containing 0.75% bovine serum albumin (BSA) and maintained in parallel. All animals were euthanized at day 5 post-infection (p.i.) and brain tissues were harvested as described below. All experimental procedures were approved by the Institutional Animal Ethical Committee and Committee for the Purpose of Control and Supervision on Experiments on Animals (CPCSEA, India).

Histopathological Analysis {#Sec5}
--------------------------

Mice were perfused transcardially with PBS followed by PBS containing 4% paraformaldehyde (PFA) at day 5 p.i. Brain tissue was collected, post-fixed in 4% PFA overnight, and embedded in paraffin \[[@CR28]\]. Brains were sectioned at 5 μm and stained with hematoxylin and eosin (H&E) to evaluate inflammation or meningitis. The paraffin-embedded slides were first deparaffinized on a hot plate followed by xylene treatment for 10 mins. Sections were then rehydrated gradually through different alcohol grades from 100 to 50%. Sections were then treated with hematoxylin for 1 min and excess stain was washed under running tap water. Subsequently, sections were dehydrated by passing through 50 to 95% ethanol. Sections were then stained with eosin stain for 30 s and washed with 95% ethanol twice. Further dehydration was carried out with 100% ethanol and xylene. Sections were mounted with Refrax mounting medium (Anatech Ltd., MI, USA) and observed under the upright light microscope (Nikon Eclipse 50i) and analyzed with Nikon imaging software (NIS, Nikon Corp. Tokyo, Japan).

Immunofluorescence and Confocal Microscopy of Brain Cryosections {#Sec6}
----------------------------------------------------------------

Mock and MHV-infected mice at day 5 p.i. were transcardially perfused and fixed with 4% PFA. Brain tissues were further post-fixed in 4% PFA overnight and isotonically equilibrated in 30% PBS sucrose. Tissues were embedded in OCT cryomatrix (Tissue Tek, Hatfield, PA) and sagittal sections (10 μm) were done on cryostat (Thermo Scientific). Tissue sections were mounted on charged slides and processed as described earlier \[[@CR23]\]. Briefly, sections were incubated with 1 M glycine in PBS for 1 h at room temperature (RT) to reduce non-specific cross-linking and subsequently treated with 1 mg/ml NaBH~4~ in PBS for 10 min at RT to reduce autofluorescence. Sections were washed in PBS and incubated with blocking serum containing PBS with 0.5% Triton X-100 and 2% normal goat serum. Sections were incubated overnight at 4 °C with anti-Cx43 in combination with either anti-vimentin or anti-viral nucleocapsid (N) antisera prepared in blocking serum at dilutions listed in Table [1](#Tab1){ref-type="table"}. The following day, the sections were washed and incubated in appropriate FITC or Texas Red conjugated fluorescent secondary antibody (1:200; Jackson ImmunoResearch Inc., PA, USA) for 1 h at RT. All incubations were done in humid chambers. Slides were washed and mounted in Vectashield® mounting media containing DAPI (Vector Laboratories, CA, USA). Sections were visualized and imaged using a Zeiss® confocal microscope (LSM710; Carl Zeiss AG, Germany).Table 1List of primary antibodies used and their working dilutionsAntibodiesApplication with dilutionSourcePolyclonal anti-Cx43Immunofluoroscence: 1:200Western blotting 1:1000Sigma-Aldrich®, MO, USAMonoclonal anti-Cx43Immunofluoroscence 1:200Sigma-Aldrich®, MO, USAPolyclonal anti-GFAPImmunofluoroscence 1:100Flow analysis: 1:40Sigma-Aldrich®, MO, USAMonoclonal anti-nucleocapsid (N)Immunofluoroscence 1:50Kindly provided by Dr. Julian Leibowitz (Texas A&M University College of medicine, TX, USA)Monoclonal anti-vimentinImmunofluoroscence 1:200Western blotting 1:1200Flow analysis 1:40Sigma-Aldrich®, MO, USAPolyclonal anti-γ-actinWestern blotting 1:5000Bio-Bharati Life Science Pvt. Ltd., IndiaPolyclonal anti-calnexinImmunofluoroscence 1:200Stressgen Biotechnologies Corp, BC, Canada

Primary Meningeal Culture {#Sec7}
-------------------------

Primary meningeal cultures from day 0--1 C57BL/6 mouse pup brains were prepared as described earlier, with minor modifications \[[@CR29]\]. Briefly, the meninges were carefully removed, homogenized in Hank's Balanced Salt solution (HBSS), and passed through a 70-μm cell strainer. The resulting flow-through were collected and centrifuged at 1000 rpm for 10 mins to pellet the meningeal cells. The cell pellet was washed twice with HBSS and re-suspended in growth medium containing Dulbecco's minimal essential medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% [l]{.smallcaps}-glutamine, and 1% penicillin--streptomycin. The cells were plated and allowed to grow at 37 °C in a humidified CO~2~ incubator. After 72 h, all non-adherent cells were removed and fresh medium was added. Adherent cells were maintained as meningeal fibroblast culture in growth medium till confluency with a media change every 2--3 days.

Mixed Glia Cultures {#Sec8}
-------------------

Primary cultures of mixed glia from newborn (day 0--1) C57BL/6 mouse pup brains were prepared as described earlier \[[@CR23]\]. Briefly, the meninges were removed and brain tissue was minced and incubated in a shaking water bath at 37 °C for 30 min in HBSS containing 300 mg/ml DNase I (Sigma®) and 0.25% trypsin (Sigma®). Enzyme dissociated cells were triturated with 0.25% of FBS, washed and pelleted at 300×*g* for 10 min. The pellet was resuspended in HBSS and passed through a 70-μm strainer and centrifuged at 300×*g* for 10 min. The pellet was resuspended in astrocyte-specific medium (DMEM containing 1% [l]{.smallcaps}-glutamine, 10% FBS, and 1% penicillin--streptomycin), plated in T25 flasks, and allowed to grow at 37 °C in a humidified CO~2~ incubator. After 24 h, all non-adherent cells were removed and fresh astrocyte-specific medium was added. Adherent cells were allowed to grow to confluence with a media change every 3 to 4 days.

Flow Cytometry {#Sec9}
--------------

Confluent cultures were trypsinized and washed twice in flow buffer (PBS containing 2% FBS). Following centrifugation (300×*g*, 5 min), the cell pellet was resuspended in flow buffer and approximately 1 × 10^6^ cells were distributed per polystyrene round-bottom 5-ml flow tubes. Cells were fixed in 100 μl Cyto-Fix buffer (BD Biosciences, San Jose, CA) for 15 min at RT. Following a wash in flow buffer, cells were incubated with anti-vimentin and anti-glial fibrillary acidic protein (GFAP) antibody diluted (1:40) in 1× BD Perm/Wash Buffer for 30 mins at RT. Cells were washed, centrifuged, and labeled with goat anti-mouse TRITC and goat anti-rabbit FITC diluted (1:40) in BD Perm/Wash buffer and incubated for 30 mins at RT. After a final wash, all tubes were resuspended in 500 mL of flow buffer and subjected to flow cytometry in a BD FACS Verse™ flow cytometer and analyzed using BD FACSuite™ software \[[@CR30]\].

Infection of Primary Meningeal Culture {#Sec10}
--------------------------------------

Primary meningeal fibroblasts were infected with MHV-A59 for investigating the effect of virus infection on meningeal gap junction protein Cx43, following previously published protocols \[[@CR23]\]. In brief, meningeal cultures were infected with MHV-A59 diluted in inoculation medium (DMEM containing 2% FBS and 1% penicillin--streptomycin) at a multiplicity of infection of 2 and incubated for 1 h at 37 °C in a humidified CO~2~ chamber. After initial viral adsorption for 1 h, medium was changed and infected cells were maintained in normal growth medium for 24 h. For mock infection, parallel cultures were initially incubated in the inoculation medium for 1 h followed by normal growth medium. All cells were collected 24 h p.i. and used for immunolabeling and biochemical assays.

Immunofluorescence and Confocal Microscopy {#Sec11}
------------------------------------------

Immunofluorescence staining of primary meningeal fibroblasts was performed as described previously \[[@CR31]\], with minor modifications. In brief, cells fixed with 4% PFA for 15 mins at RT were permeabilized in PBS containing 0.5%Triton X-100 and incubated in blocking serum (PBS containing 0.2%TritonX-100 and 2.5% goat serum) for 1 h. Cells were incubated for 1 h at RT with a combination of anti-Cx43, anti-vimentin, anti-N anti-GFAP, and anti-calnexin antisera at dilutions listed in Table [1](#Tab1){ref-type="table"}. Subsequently, the cells were washed and incubated for 1 h at RT with appropriate combination of FITC or Texas Red conjugated secondary antibody (1:200) diluted in blocking serum. Cells were washed and mounted in Vectashield mounting media containing DAPI. Cells were visualized in Zeiss® Confocal Microscope (LSM710) or Axio observer microscope with apoptome module (Carl Zeiss, Germany) and images were acquired and processed with Zen 2012 (Carl Zeiss AG, Germany) software.

Western Blotting {#Sec12}
----------------

Mock and virus-infected cells (24 h p.i.) were washed with PBS and homogenized in ice-cold protein extraction buffer (25 mM Tris (pH 7.6), 1 mM MgCl~2~, 1% Triton X-100, 0.5% SDS with 1X EDTA-free complete Protease Inhibitor (Roche, Mannheim, Germany) and phosphatase inhibitors (1 mM NaVO~4~ and 10 mM NaF)) by mild vortexing at regular time interval for 1 h. Lysed cell suspension was centrifuged at 4 °C for 10 min at 13,200 rpm using an Eppendorf® 5415 R centrifuge. The resulting supernatant was quantified for total protein concentration using a Pierce® BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA). Equal amount (5 μg) of total protein was resolved by 12% SDS-PAGE \[[@CR32]\]. Proteins were transferred to PVDF membrane in transfer buffer (25 mM Tris, 192 mM glycine, and 20% methanol). Membrane was blocked with 5% skimmed milk in Tris-buffered saline containing 0.1% *v*/*v* Tween-20 (TBST) for 1 h at RT and incubated overnight at 4 °C with anti-Cx43 and anti-vimentin antibodies at dilutions listed in Table [1](#Tab1){ref-type="table"}. Membranes were then washed with TBST and incubated with appropriate horseradish peroxidase-conjugated secondary antibody (1:2000; Jackson ImmunoResearch Inc., PA, USA) for 2 h at RT. Membranes were developed using Super Signal West Pico chemiluminescent substrate (Thermo Fisher Scientific, Rockford, IL, USA) and images were captured using Syngene G: Box™ ChemiDoc system and GENEsys software. Membranes were subsequently re-probed with γ-actin antibody and densitometric analysis of immunoreactive bands was carried out using ImageJ software.

Lucifer Yellow Scrape-Loading and Dye Transfer Assay {#Sec13}
----------------------------------------------------

To evaluate gap junction coupling, meningeal fibroblasts were grown on 35-mm culture dishes to 100% confluency. Permeability mediated by gap junctions under control and MHV-A59-infected conditions (24 h p.i.) was determined by gap junction permeable Lucifer yellow (LY) dye transfer experiment, using a protocol described previously \[[@CR33]\], with minor modifications. LY dye (Sigma, Saint Louis, MO, USA) dissolved in PBS (4 mg/ml) was scrape loaded onto confluent monolayer of meningeal fibroblasts. After 1 min of incubation, LY was thoroughly washed with PBS, fresh 10% DMEM was added, and dye spreading from scrape line was imaged using an Olympus IX-81 microscope system appended with a Hamamatsu Orca-1 CCD camera. Images were processed and analyzed using ImagePro (Media Cybernetics) and ImageJ software and the distance of dye spread from the scrape-loading line was measured.

In Situ TritonX-100 Solubilization {#Sec14}
----------------------------------

Cells plated on coverslips were washed with PBS and treated with 1%Triton X-100 at 4 °C for 30 mins to solubilize the Cx43 molecules not involved in gap junction plaques while the Cx43 molecules involved in cell surface gap junction plaques remain insoluble. Upon thorough washing and extraction of solubilized Cx43 molecules, cells were fixed and immunofluorosence labelling was performed as described previously \[[@CR31]\]. Cells were visualized in Axio observer microscope with apoptome module (Carl Zeiss, Germany) and images acquired and processed with Zen 2012 (Carl Zeiss AG, Germany) software.

Statistical Analysis {#Sec15}
--------------------

Data are presented as mean ± SEM. Significance of the difference between two experiment groups for the LY dye transfer assay and western blotting was determined by unpaired two-tailed Student's *t* test. The data from cell enrichment experiment were analyzed by one-way analysis of variance, and pairwise comparisons were made using the post hoc Tukey method for multiple testing. Statistical significance was set at *p* \< 0.05. All statistical analysis were carried out using GraphPad prism (ver. 7) software (GraphPad Software, Inc).

Results {#Sec16}
=======

Altered Cx43 Distribution and Inflammation of the Meninges in MHV-A59-Infected Mouse Brains {#Sec17}
-------------------------------------------------------------------------------------------

Four-week old C57BL/6 mice were intracranially inoculated with MHV-A59 or mock-infected with PBS-BSA as controls. Mice were sacrificed on day 5 p.i., the time point previously reported to result in peak CNS inflammation \[[@CR25]\]. Paraffin-embedded brain sections were stained with hematoxylin and eosin to visualize inflammation in different brain regions (Fig. [1](#Fig1){ref-type="fig"}a--f). The mock-infected mouse brain sections showed no signs of inflammation and exhibited intact meningeal layer lining the cortex and choroid plexus in the ventricular spaces (Fig. [1](#Fig1){ref-type="fig"}a--e). In contrast, acute meningitis and inflammatory tissue damage was evident in the corresponding brain regions from MHV-A59-infected mice (Fig. [1](#Fig1){ref-type="fig"}b--f).Fig. 1MHV-A59 infection causes meningitis, choroid plexitis, and ependymitis in the brain of C57BL/6 mice (**a**--**f**). Representative images of the cortical meningeal lining (**a**, **b**) and choroid plexus in the fourth ventricle (**c**, **d**) and lateral-ventricular region (**e**, **f**) from mock (**a**, **c**, **e**) and MHV-A59-infected (**b**, **d**, **f**) mice at day 5 p.i. stained with hematoxylin and eosin. Control mice show no sign of inflammation. Inflammation was noted in the cortical meningeal covering (**b**), choroid plexus (**d**), and ependyma (**f**) in infected mouse brains compared to control. Original images have been taken at magnifications of × 40 (**a**--**d**) and × 10 (**e**, **f**). Arrows in b, d, and f indicate inflamed leptomeninges, choroid plexus, and ependyma in MHV-A59-infected brain sections

Previous studies suggested that the meningeal cells express high levels of Cx43 and are tightly coupled by gap junctions both in developing and adult brain \[[@CR13]\]. Moreover, Cx-mediated gap junction communications are known to be affected in several CNS-associated injuries and pathologies. Therefore, to investigate the effect of viral infection on Cx43 expression and distribution in the infected meningeal cells of MHV-A59-infected mouse brains, we performed double-immunolabeling with a combination of anti-Cx43 and anti-viral nucleocapsid (N; Fig. [2](#Fig2){ref-type="fig"}a--l) or anti-vimentin antibody (Fig. [3](#Fig3){ref-type="fig"}a--l). Our results clearly showed that MHV-A59 infection altered the expression pattern of Cx43 in infected meningeal cells. Interestingly, we observed a marked downregulation in the overall Cx43 staining in infected and vimentin-positive cells of the meninges (Fig. [2](#Fig2){ref-type="fig"}a--f, Fig. [3](#Fig3){ref-type="fig"}a--f), choroid plexus (Fig. [2](#Fig2){ref-type="fig"}g--l), and perivascular region (Fig. [3](#Fig3){ref-type="fig"}g--l) in infected brains compared to controls. Additionally, while the control brain sections showed a characteristic punctate distribution of Cx43 (Fig. [2](#Fig2){ref-type="fig"}b, h), the infected and vimentin-positive meningeal fibroblasts in the infected mouse brains showed loss of its characteristic punctate staining (Fig. [2](#Fig2){ref-type="fig"}e, k).Fig. 2Reduced Cx43 punctate staining in MHV-A59-infected brain cryosections compared to mock-infected control mice brain section (**a**--**f**). Confocal images of 10-μm brain cryosections from the cortical meningeal region of mock-infected control (**a**--**c**) and MHV-A59-infected (**d**--**f**) brain sections double-immunolabeled with anti-viral nucleocapsid (N, green) and anti-Cx43 (red) showing reduced Cx43 punctate staining. Control sections (**b**, **c**) displaying a characteristic punctate Cx43 staining (b, c: arrow and inset), while the infected brains (**e**, **f**) exhibiting diffused Cx43. Merged image (f: arrow) showing an infected cell with internalized Cx43 staining in perinuclear region; inset showing an enlarged view of the infected cell. (**g**--**l**) Confocal images of 10-μm thin brain cryosections from the choroid plexus region of mock-infected control (**g**--**i**) and MHV-A59-infected (**j**--**l**) brain sections double-immunolabeled with anti-viral nucleocapsid (N, green) and anti-Cx43 (red) showing reduced Cx43 punctate staining. Control sections showing a characteristic punctate Cx43 honeycomb like pattern (h, i: arrow and inset), which appear as diffused staining in infected brains (**k**, **l**). Merged image (l: arrow) showing infected cells with reduced Cx43 punctate staining; inset showing an enlarged view of the infected cell. No anti-viral N staining was noted in the control brain sections (**a**--**c**, **g**--**i**). All sections were counterstained with DAPI (blue) to visualize nuclear localisationFig. 3Confocal images showing reduced Cx43 punctate staining in vimentin-positive fibroblasts in the meninges and perivascular region (**a**--**l**). Confocal images of 10-μm thin brain cryosections double-immunolabeled with anti-vimentin (red) and anti-Cx43 (green) showing reduced Cx43 staining in the inflamed cortical meningeal layer and perivascular region of MHV-A59-infected (**d**--**f**, **j**--**l**) mouse brains compared to mock-infected controls (**a**--**c**, **g**--**i**). Sections were counterstained with DAPI (blue) to visualize nuclear localisation. Meningeal fibroblasts in the cortical and perivascular region of MHV-infected brains (d--f, j--l: arrow) depict reduction in Cx43 immunostaining compared to respective mock-infected brain regions (a--c, g--i: arrow). Insets in f and l demonstrate reduced Cx43 immunoreactivity in a magnified view of fibroblast. Note the higher intensity of Cx43 staining is noted in vimentin-positive fibroblasts in representative brain images from the mock-infected cortical meningeal layer and perivascular region (**a**, **c** and **g**, **i**)

Retention of Cx43 in Perinuclear Compartments of Primary Meningeal Cultures Infected with MHV-A59 {#Sec18}
-------------------------------------------------------------------------------------------------

To determine the mechanisms by which viral infection can modulate Cx43-mediated gap junction communication particularly in the meningeal cells, we established a complimentary in vitro model of primary meningeal cultures infected with MHV-A59. Purity of the primary cultures was first determined by flow cytometry, using vimentin as fibroblast marker \[[@CR1]\] and GFAP as astrocyte marker (Fig. [4](#Fig4){ref-type="fig"}a). Viable cell population (P1) was normalized for each marker expression with isotype controls. As expected, majority of the cells (92.4%) in our established cultures were vimentin-positive meningeal fibroblasts. In addition, a small population (0.04%) of the cells were found to be GFAP-positive, and a few (1.83%) were positive for both GFAP and vimentin and probably represents stem/progenitor cells with a potential to differentiate to either astrocytes or fibroblasts at a later stage in culture. Supporting this, our double-immunostaining of primary meningeal cultures with anti-GFAP and anti-vimentin antibodies also showed that most of the cells in cultures expressed vimentin only (Fig. [4](#Fig4){ref-type="fig"}b, arrows). However, a few GFAP-positive and GFAP and vimentin dual positive cells were also observed. Visual counting of the cells from three independent cultures (with 30 different fields from each set) demonstrated that about 74.83% cells were positive for vimentin only, while 4.6% cells expressed GFAP only and 11.7% stained for both markers (Fig. [4](#Fig4){ref-type="fig"}c). Additionally, we also quantified the vimentin expression in our primary meningeal cultures. Our immunoblotting experiments clearly showed that the primary meningeal cultures expressed a significantly higher level of the fibroblast marker vimentin compared to mixed glial cultures demonstrating the enrichment for meningeal fibroblasts in the primary cultures (Fig. [4](#Fig4){ref-type="fig"}d).Fig. 4Characterization of primary meningeal fibroblasts by flow cytometry and immunofluorescence. **a** Flow cytometric analysis of primary meningeal cultures double-immunolabeled with anti-vimentin and anti-GFAP antisera. Gating (P1) of cell population is carried out from side scattering (SSC) vs forward scattering (FSC) plot of all recorder events. Majority of the gated cells (92.4%) in cultures were vimentin-positive and GFAP-negative, as seen in the lower right (LR) quadrant of the gated plot (P1). Histograms (lower panels) depict higher mean intensity of vimentin expression compared to that of GFAP. **b** Photomicrographs of primary meningeal culture cells double-immunolabeled for anti-vimentin (red) and anti-GFAP (green) antibodies. Cells were counterstained with DAPI (blue) to visualize nuclear staining. Arrows indicate vimentin-positive meningeal fibroblasts. **c** Histogram represents quantitation of the double-immunolabeled cells showing around 74.83% cells are positive for vimentin only, whereas 11.7% cells are positive for both markers and about 4.6% are GFAP only. The values are mean ± SEM from three independent experiments (having 30 different fields each) for the mentioned types of cells (one-way ANOVA; \*\*\*\**p* \< 0.0001). **d** Representative immunoblot showing higher level of vimentin expression in primary meningeal culture compared to mixed glial culture. All blots were re-probed with γ-actin to monitor equal protein loading

To determine if viral infection can alter cellular expression/distribution of the Cx43 in primary meningeal fibroblasts, we infected the primary meningeal cultures with MHV-A59, a neurotropic demyelinating strain of mouse hepatitis virus \[[@CR27]\]. At 24 h p.i., cells were double-labeled with a combination of anti-Cx43 and anti-N or anti-vimentin antibodies (Fig. [5](#Fig5){ref-type="fig"}a--l). In the mock-infected meningeal fibroblast cultures, vimentin positive cells expressed profuse Cx43 at the cell surface, demonstrated by its characteristic punctate staining (Fig. [5](#Fig5){ref-type="fig"}a--c, g--i; arrow and inset). Interestingly, in MHV-A59-infected cultures, vimentin-positive fibroblasts displayed Cx43 staining predominantly localized in the intracellular compartments with a typical perinuclear distribution (Fig. [5](#Fig5){ref-type="fig"}d--f, j--l; arrow and inset). Interestingly, most of these intracellular Cx43 puncta in MHV-infected cultures was found to co-localize with the endoplasmic reticulum marker, calnexin (Fig. [6](#Fig6){ref-type="fig"}a--f).Fig. 5MHV-A59 infection reduced Cx43 expression at cell surface and retained Cx43 in the perinuclear region of infected primary meningeal fibroblasts (**a**--**l**) Double-immunolabeling for Cx43 (green) and vimentin or viral nucleocapsid (red) showing punctate staining of Cx43 mostly at the cell surface of mock-infected vimentin-positive primary meningeal fibroblasts (**a**--**c**, **g**--**i**). Virus-infected and vimentive-positive fibroblasts show a predominant intracellular localization of Cx43 (d--f, j--l; arrows). Note the colocalization of Cx43 with viral nucleocapsid in infected cells (f: arrow) surrounding the nucleus. Perinuclear distribution of Cx43 in MHV-A59-infected cultures is also evident in vimentin-positive meningeal fibroblasts (l: arrow). Insets depict magnified view showing Cx43 perinuclear staining in infected (**f**, **l**) cells and characteristic punctate cell surface localization in mock-infected controls (**c**, **i**). Cells were counterstained with DAPI (blue) to visualize nuclear localization in merged imagesFig. 6Intracellular retention of Cx43 in endoplasmic reticulum of MHV-A59-infected primary meningeal fibroblast cultures (**a**--**f**). Meningeal fibroblasts were mock-infected (**a**--**c**) or infected with MHV-A59 (**d**--**f**), and double-immunostained for calnexin (green: b, e) and Cx43 (red: a, d). In infected cultures (**d**--**f**), Cx43 puncta are mostly seen in the perinuclear region which colocalize with ER marker calnexin (f; arrows). In control cells (**a**--**c**), most of the Cx43 staining is observed towards the periphery (c; arrowheads) with only a few Cx43 puncta seen to colocalize with calnexin (c; arrow). Cells were counterstained with DAPI (blue) to visualize nuclear localization in merged images

Reduced Cx43 Expression and Functional Gap Junction Communication in Infected Primary Meningeal Cultures {#Sec19}
--------------------------------------------------------------------------------------------------------

Earlier studies have shown that MHV-A59 infection can reduce Cx43 protein levels in the CNS and mouse primary astrocytes \[[@CR23]\]. Moreover, our immunofluorescence studies also suggest a possible reduction in total Cx43 levels in vimentin-labeled cells of virus-infected mouse brains and altered cellular distribution in primary meningeal fibroblasts. To quantify the observed change, we measured total Cx43 levels in primary meningeal cultures infected with MHV-A59. Cx43 levels were found to be significantly downregulated in the infected cultures compared to control (− 50.50 ± 10.77%; *p* \< 0.01) (Fig. [7](#Fig7){ref-type="fig"}a; lower panel). To determine if reduced Cx43 expression together with its increased intracellular retention affected functional gap junction communication in infected meningeal cells, we performed LY dye transfer in a scrape-loading assay. Cx43 channels are permeable to LY, a small molecular dye that moves from cells to the neighboring cells via gap junctions \[[@CR34]\]. Primary meningeal fibroblasts were either mock-infected or infected with MHV-A59 and gap junction activity was assayed by scrape-loading dye transfer 24 h p.i. MHV-A59 infection prevented cultured meningeal fibroblasts from transferring the dye to neighboring cells, as the distance of dye spread beyond the injured cells at the scratch boundary was significantly less compared to the control cultures (Fig.[7](#Fig7){ref-type="fig"}b). Control meningeal fibroblasts exhibited active gap junction communication, while infected fibroblasts displayed less gap junction communication, as evident from shorter dye travel distance (control: 287.5 ± 24.35 μm vs. infected: 139.8 ± 5.19 μm; *p* \< 0.0001) (Fig. [7](#Fig7){ref-type="fig"}b; lower panel).Fig. 7MHV-A59 infection reduced Cx43 expression at total protein level and decreased functional gap junctional communication. **a** Immunoblot showing a reduction in total Cx43 expression in primary meningeal fibroblast cultures infected with MHV-A59 at MOI of 2 and 24 h p.i. compared to mock-infected controls. Blots were re-probed with γ-actin to monitor equal protein loading. Histogram (lower panel) depicts percentage values (mean ± SEM) of Cx43 protein expression (Student's *t* test; \*\**p* \< 0.01). **b** Representative photomicrograph and histogram depicting a significant reduction in functional gap junction communication in primary meningeal fibroblast cultures infected with MHV-A59 compared to control as detected by LY dye transfer in a scrape-loading assay. Arrow indicates the site of scrape loading with LY and distance of dye spread. Histogram (lower panel) represents quantitation of data from three independent experiments. Values are mean ± SEM (Student's *t* test; \*\*\*\**p* \< 0.0001)

Reduced Gap Junction Plaques in Infected Primary Meningeal Cultures {#Sec20}
-------------------------------------------------------------------

Musil and Goodenough demonstrated that Cx43 assembled into the gap junction plaques are resistant to solubilization by 1% Triton X-100 at 4 °C, while Cx43 monomers are mostly solubilized under such conditions \[[@CR35]\]. In order to understand the assembly of Cx43 into plaques, mock- and MHV-A59-infected cells were treated in situ with 1% Triton X-100 at 4 °C, 24 h p.i., and double immunofluorescence labelling was performed for anti-Cx43 and anti-vimentin (Fig. [8](#Fig8){ref-type="fig"}a--i) or anti-N (Fig. [8](#Fig8){ref-type="fig"}j--l). Interestingly, Triton X-100 solubilization resulted in a marked decrease in Cx43 staining in mock-infected cultures compared to non-Triton X-100-treated experimental controls (Fig. [8](#Fig8){ref-type="fig"}a--f). This might be because intracellular soluble monomers of Cx43 were extracted by Triton X-100 treatment leaving behind the Cx43 puncta that were assembled in gap junction plaques and resistant to Triton X-100 solubilization. In contrast, MHV-infected meningeal fibroblasts showed mostly intracellular accumulation of Cx43 in the perinuclear region (Fig. [8](#Fig8){ref-type="fig"}g--l; arrows in h, i, k, and l). This might be due to aggregation of misfolded protein or increased amount of prematurely oligomerized and Triton X-100-resistant Cx43 that failed to traffic to the cell surface to form gap junction plaques.Fig. 8MHV-A59 infection increased retention of Triton X-100 insoluble intracellular aggregates of Cx43 (**a**--**l**). Representative confocal images of MHV-A59-infected (**g**--**l**) and mock-infected primary meningeal fibroblasts (**a**--**f**) double-immunolabeled with anti-Cx43 (red: b, e, h, k) and anti-vimentin (green: a, d, g) or anti-viral nucleocapsid (N; green: j). Control cells not subjected to Triton X-100 solubilization (−Triton X-100; a--c), exhibited characteristic punctate Cx43 immunostaining (b, c; arrow). Upon Triton X-100 solubilization (+TritonX-100; d--f), mock-infected control cells displayed a few Cx43 puncta representative of Triton X-100-insoluble gap junction plaques at the cell surface (e, f; arrow). In contrast, vimentin-positive primary fibroblasts in MHV-A59-infected cultures (**g**--**i**) displayed increased immunostaining for Cx43 mostly in the perinuclear regions following Triton X-100 solubilization (+Triton X-100) suggesting intracellular cytosolic aggregates of Cx43 (h, i; arrow). Anti-N staining illustrating that most of these intracellular cytosolic aggregates of Cx43 noted in +Triton X-100 condition are in MHV-infected cells (**j**--**l**). Cells were counterstained with DAPI (blue) to visualize nuclear localization
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Using mouse brain slices and cultured primary meningeal fibroblasts, we show that MHV-A59 can directly infect meningeal cells in vivo in mice as well as in culture conditions. Our results reveal that (i) MHV infection reduces total Cx43 protein levels in primary meningeal fibroblasts, (ii) majority of Cx43 in infected, viral antigen-positive fibroblasts show intracellular perinuclear staining, both in vivo and in vitro, (iii) MHV infection causes retention of Triton X-100 insoluble intracellular aggregates of Cx43 which may not be able to assemble into gap junctions, and (iv) the observed alterations in Cx43 expression and cellular distribution is associated with loss of functional gap junction communication between fibroblasts in primary culture as demonstrated by LY scrape-loading and dye transfer assay. Taken together, our results suggest that MHV-A59 infection can directly affect expression and intracellular distribution of Cx43 in meningeal fibroblasts which might play an important role in altered CNS homeostasis during acute infection.

Earlier studies suggest that MHV hijacks host translational machinery to produce its own proteins during viral multiplication thereby arresting the synthesis of large number of host cellular proteins \[[@CR36]\]. Virus-induced host translational shutdown and mRNA decay can affect molecules particularly with shorter half-life such as Cx43 \[[@CR37], [@CR38]\] resulting in reduced Cx43 levels. In addition, it has been shown that ER stress-mediated unfolded protein response can result in downregulation of Cx43 expression at both mRNA and protein levels \[[@CR39]\]. Thus, it is also possible that MHV-induced ER stress can lead to accumulation of misfolded Cx43 in the perinuclear compartments, subsequently leading to downregulation of Cx43 expression and reduced trafficking to cell surface. This is further supported by our Triton X-100 solubilization experiment showing that infected cells have increased intracellular accumulation of Cx43 in the perinuclear region that was not extracted by Triton X-100 treatment. In contrast, the control cells showed Cx43 puncta only at the cell surface present in gap junction plaques and no intracellular monomers that were supposedly removed by the Triton X-100.

Neurovirulent strains of MHV are preferentially transported by microtubules in neurons \[[@CR40]\]. Interestingly, Cx43 is also known to directly bind to microtubules \[[@CR41]\] and transported to the cell surface along microtubules as conduit \[[@CR42]\]. Thus, virus transport using the cellular microtubule network might possibly hinder microtubule-dependent Cx43 trafficking to the cell surface. In this regard, our previous studies have shown that depolymerization of the microtubule network by colchicine in primary astrocytes can lead to similar retention of Cx43 in the perinuclear compartments as in virus-infected cells \[[@CR23]\]. Thus, it is possible that virus-specific utilization of the microtubules in the infected meningeal fibroblasts resulted in reduced trafficking and assembly of Cx subunits into GJ plaques causing loss of gap junctional communication. Nevertheless, further studies are needed to understand the underlying regulatory mechanisms of Cx43 association with the microtubule network in infected meningeal cells and its oligomerization into gap junction plaques.

Impaired gap junction communication in meningeal fibroblasts can contribute to disruption of functional link to the neural tissue. It is reported that meningeal cells can communicate with astrocytes via Ca^2+^ signaling \[[@CR43]\]. Interestingly, ablation of astrocytic Cx30 has been shown to cause nearly complete depletion of Cx26 immunoreactivity in leptomeninges \[[@CR11]\]. Moreover, the meninges are important in maintaining the functional coupling among the glia limitans astrocytes, which are more coupled than the astrocytes in the molecular layer \[[@CR44]\]. During injury-induced parenchymal reaction, reactive astrocytes and the meningeal cells form a glia--fibroblast interface that forms new basal lamina which along with astrocytic endfeet reforms the glial limitans \[[@CR45], [@CR46]\]. This process is crucial for restoring the BBB function and re-establishing CNS homeostasis. Thus, Cx channels play an important role in maintaining BBB function, and loss of these junctional communications might affect BBB permeability. The effect of Cx43 on BBB may be mediated via tight junction proteins such as claudin, occludin, and zona occludens (ZO-1). There are reports of Cx43 interacting with tight junction protein ZO-1 through its carboxyl terminus \[[@CR47]\]. The PDZ domain of ZO-1 serves to recruit several signaling molecules and also provides anchorage to several cytoskeletal elements. Moreover, the dynamic association of ZO-1 with Cx43 also modulates the stability of gap junction channel and regulates its internalization and endosomal turnover \[[@CR48]\]. ZO-1 and other tight junction proteins are reported to be downregulated in BBB leakage during different pathological conditions \[[@CR49]\]. Hence, the virus-induced retention of Cx43 might alter the stability of membrane resident tight junction proteins and disrupt the BBB integrity.

Increased permeability of the BBB is a pathological hallmark in several neurological disorders such as multiple sclerosis, bacterial meningitis, and neurotropic virus infections including human immunodeficiency virus, measles virus, and Japanese encephalitis virus \[[@CR50]--[@CR52]\]. Experimental intracranial inoculation with MHV might increase BBB permeability, leading to rapid viral dissemination and enhanced transmigration of activated immune cells into the brain. Although the homing mechanism of immune cells and molecular mechanisms of BBB disruption in MHV infection are not well understood, viral infection-associated loss of Cx-mediated intercellular communication might play an important role in altered BBB permeability and altered CNS homeostasis during neuroinflammation.

In summary, we have shown that MHV infection in brain can reduce Cx43 expression in meningeal fibroblasts and induce intracellular retention of Cx43, which might contribute to reduced gap junction communication. Such loss of junctional communication might have a potential role in modulating coupling between fibroblasts of the meningeal layer and at fibroblast--astrocyte interface of glial limitans superficialis subsequently leading to altered BBB function.
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